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and ‡Department of Otolaryngology, Hamamatsu University School of Medicine, Hamamatsu, JapanABSTRACT Prestin is the membrane protein in outer hair cells that harnesses electrical energy by changing its membrane area
in response to changes in the membrane potential. To examine the effect of membrane thickness on this protein, phosphatidyl-
choline (PC) with various acyl-chain lengths were incorporated into the plasma membrane by using g-cyclodextrin. Incorporation
of short chain PCs increased the linear capacitance and positively shifted the voltage dependence of prestin, up to 120 mV, in
cultured cells. PCs with long acyl chains had the opposite effects. Because the linear capacitance is inversely related to the
membrane thickness, these voltage shifts are attributable to membrane thickness. The corresponding voltage shifts of electro-
motility were observed in outer hair cells. These results demonstrate that electromotility is extremely sensitive to the thickness of
the plasma membrane, presumably involving hydrophobic mismatch. These observations indicate that the extended state of the
motor molecule, which is associated with the elongation of outer hair cells, has a conformation with a shorter hydrophobic height
in the lipid bilayer.INTRODUCTIONOuter hair cells (OHCs), a class of mechanoreceptor cells in
the cochlea, are critical for the sensitivity and frequency-
selectivity of the mammalian ear (1). This property must
depend on active processes in OHCs, whether in hair bundles
(2,3), in their cell bodies (4), or in both. Electromotility in
the cell body is based on a membrane protein prestin
(SLC26A5), which is a member of the SLC26 solute trans-
porter family (5). The significance of prestin for ear function
has been demonstrated by the hearing loss of transgenic mice
with mutated prestin (6).
In an isolated OHC, electromotility changes the cylindrical
cell’s length. Hyperpolarization induces elongation and depo-
larization induces shortening. The amplitude can reach 4–5%
of the total length (7). These mechanical changes are associ-
ated with charge transfer across the membrane, which gives
rise to nonlinear membrane capacitance with bell-shaped
voltage dependence (8). Mechanical changes and electric
changes are coupled, satisfying the reciprocal relationship
(9), similar to piezoelectricity. These observations can be
successfully described by a membrane motor model (or
area-motor model). These observations assume that electro-
motility is based on a piezoelectric membrane motor that
undergoes conformational changes between two conforma-
tions which differ in membrane charge and in membrane
area (10). The existence of conformational changes in which
area change and charge transfer is coupled is confirmed by an
observation that a membrane area constraint resulted in
a drastic reduction in nonlinear capacitance (11).Submitted January 8, 2010, and accepted for publication March 15, 2010.
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0006-3495/10/06/2831/8 $2.00Such conformational changes could include the thickness
of the protein in the membrane. If we assume that protein
volume is conserved, an area increase should be associated
in a reduction in the thickness. Because prestin’s putative
structure, which is determined by its amino acid sequence,
has very small extracellular domains (12,13), the height of
its hydrophobic surface must be dominated by its putative
10 transmembrane helices. The thickness of the protein’s
conformation is, therefore, well correlated with the height
of its hydrophobic domain, which affects hydrophobic
mismatch with the lipid bilayer. Because hydrophobic
mismatch can involve large energy, bilayer thickness should
significantly affect prestin conformation.
To investigate the conformational changes in the mem-
brane motor, here we examine the effect of membrane thick-
ness on electromotility by incorporating electrical neutral
phosphatidylcholines with various acyl-chain lengths. We
use carboxyethyl-g-cyclodextrin (CE-g-CD) as the vehicle.
Membrane thickness can be monitored by the regular (or
linear) voltage-independent component of the membrane
capacitance and its effect on the motor can be monitored by
nonlinear capacitance (NLC).MATERIALS AND METHODS
Media
Our standard external medium contained 135 mM NaCl, 4 mM KCl, 2 mM
MgCl2, 1.5 mM CaCl2, and 5 mM Na-HEPES with pH adjusted to 7.4. The
osmolarity was adjusted to 300 mOsm/kg by glucose.
The external blocking medium that we used consisted of 145 mM NaCl,
5 mM CsCl, 2 mM MgCl2, 1 mM CaCl2, 2 mM CoCl2, 10 mM Cs-HEPES,
and ~10 mM glucose, which was used to adjust the osmolarity to 300 mOsm/
kg. pH was adjusted to 7.4.
The intracellular blocking medium was made of 140 mM CsCl,
2 mM CaCl2, 2 mM MgCl2, 5 mM EGTA, and 10 mM Cs-HEPES,
pH 7.4.doi: 10.1016/j.bpj.2010.03.034
2832 Fang et al.Outer hair cells
Isolated outer hair cells were prepared in a manner described earlier (9).
Briefly, bullas were harvested from guinea pigs in accordance with our
animal protocol (1061-02 NINDS/NIDCD). The organ of Corti was dissoci-
ated from opened cochleas by teasing with a fine needle under a dissection
microscope. OHCs were isolated by gently triturating these strips for three
times with a plastic pipette. Isolated OHCs were placed in a chamber
mounted on an inverted microscope. The length of the cells used for
patch-clamp recoding ranged between 40 and 75 mm.Cultured cells
Human embryonic kidney (HEK) 293T cells (ATCC, Manassas, VA) were
cultured in Dulbecco’s Modified Eagle Medium (Invitrogen, Grand Island,
NY) with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville,
GA), 100 units/mL penicillin, and 100 mg/mL streptomycin (Invitrogen).
When HEK cells were ~80% confluent, these cells were transfected with
prestin-encoding plasmid pcDNA3.1 and GFP (pEGFP-N1; Bioscience
Clontech, San Jose, CA) using Fugene HD (Roche Applied Science, Indian-
apolis, IN). The plasmid was a gift of Dr. L. Madison of Northwestern
University. The ratio of Fugene HD/prestin/GFP was 5:1:1. After transfec-
tion, HEK cells were incubated in Dulbecco’s Modified Eagle Medium
containing 10% fetal bovine serum. The experiments were performed on
those cells between 36 and 48 h after transfection. Those cells were washed
with phosphate-buffered saline briefly before introduced to the experimental
medium.Incorporation of phosphatidylcholines
Carboxyethyl-g-cyclodextrin (CE-g-CD) was purchased from Cyclodextrin
Technologies Development (High Springs, FL). A stock solution of 30 mM
CE-g-CD was prepared by dissolving it in the external blocking medium and
the pH was adjusted to 7.4. Phosphatidylcholines were purchased from
Avanti Polar Lipids (Alabaster, AL). Before loading CE-g-CD with PC,
0.1 mM of each PC was taken up in a vial and dissolved with 5 mL chloro-
form. The chloroform was then completely evaporated under a gentle N2
stream. The resulting PC film in each vial was suspended with 1 mL solution
of 5 mMCE-g-CD diluted with the blocking external medium and then soni-
cated in a ultrasonic chamber (model 1510; Branson, Danbury, CT) with
water bath until a clear solution was obtained. The temperature of the bath
was ~50C for PC with longer chains (18–24) and room temperature for
PC with shorter acyl chains (10–16). The duration was <10 min at room
temperature with short-chain PCs and was up to 30 min for PCs with long
chains.
These 5 mM CE-g-CD solutions loaded with 0.1 mM PC were perfused
from a perfusion pipette to either HEK cells or OHCs in the experimental
chamber. Specifically for recording the time course of capacitance changes
due to PC 12:0 incorporation in prestin-transfected cells, a perfusion
medium with half of the normal one was also used.Electrophysiological recording
Electrophysiological recording was performed using an inverted microscope
(Diaphot 300; Nikon, Tokyo, Japan) in combinationwith amicromanipulator
(model MP225; Sutter Instruments, Novato, CA), The patch pipette was
mounted on the micromanipulator associated with the head stage of the
patch amplifier (Axopatch 200B; Axon Instruments, Foster City, CA).
Voltage waveforms were generated with an ITC-16 interface (Instrutech,
Fort Washington, NY) in combination with a Macintosh computer running
the IGOR program (WaveMetrics, Lake Oswego, OR) with Pulse Control
XOPs, data acquisition modules from Instrutech. The patch pipettes were
made from borosilicate capillaries (OD 1.5 mm, ID 0.86 mm; Sutter Instru-
ments) with a pipette puller (Model P-97; Sutter Instruments) and used
without fire-polishing.Biophysical Journal 98(12) 2831–2838To facilitate membrane capacitance measurement, the channel blocking
media described earlier were used for experiments. The pipette resistance
was between 2.5 and 4.5 MU in the bath. In the whole-cell configuration,
the access resistance Ra was between 5 and 8 MU. The membrane resistance
Rm was somewhat dependent on the membrane potential and was between
200 and 800 MU. The room temperature was 23C.
Membrane capacitance and length changes
The membrane capacitance was determined in the whole-cell configuration
from the capacitive current elicited by applying staircase waveforms with
5 mV steps (14). The waveforms used were either with a narrower voltage
range between 100 mV and 50 mV or a wider range between 150 mV
andþ100 mV. For the narrower voltage range, the dependence of membrane
capacitance Cm of outer hair cells on the membrane potential V is reasonably
described by a two-component equation (8,10,15,16),
CmðVÞ ¼ Clin þ Nq
2
kBT
 BðVÞ½1 þ BðVÞ2; (1)
with
BðVÞ ¼ expqV  Vpk=kBT: (2)
This equation assumes that the cell has N motile units that have two
conformational states, which differ in charge as well as in membrane area.
Transitions between these states involve transfer of q electric charge across
the membrane (10). Here Clin is the linear capacitance, Vpk the voltage of the
peak capacitance, kB Boltzmann’s constant, and T the temperature.
The image of the cell during the experiment was captured with a video
camera, recorded on a DVD disk, and then converted to a movie file on
a computer. The time course of cell length was determined from the image
using the National Institutes of Health Image program with a macro. The
equation for cell length that corresponds to Eq. 1 is (7,8,10)
LðVÞ ¼ L0 þ DL
1 þ BðVÞ; (3)
where L0 is the asymptote for large positive potential and DL is the
amplitude.
Capacitance data taken from the wider voltage range show that the
membrane capacitance is indeed asymmetric, with respect to the peak poten-
tial. The negative side of the peak is higher than the positive side of the
potential (17). The membrane capacitance can be expressed by
CmðVÞ ¼ C0 þ N
"
q2
kBT
 B1ðVÞð1 þ B1ðVÞÞ2
þ dcB1ðVÞ
1 þ B1ðVÞ
#
;
(4)
where C0 is the membrane capacitance at an infinitely negative potential, dc
is a constant, which is the capacitance difference in the two conformational
states of the motor, and B1(V) ¼ exp [q(V – V1)/kBT] with a constant V1. The
potential V1 is related to the peak potential Vpk by
Vpk ¼ V1  ln q
2  dc kBT
q2 þ dc kBT: (5)
RESULTS
Voltage shifts in the motile response of OHCs
The bell-shaped voltage dependence of OHCs membrane
capacitance showed voltage shifts on perfusion of CE-g-
CD loaded with phosphatidylcholines (PCs). If the PCs
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FIGURE 1 Effect of phosphatidylcholines on outer hair
cells. PC12:0: (A) the membrane capacitance. Control (6)
and PC12:0 (A). Equation 1 is used for curve fit. Parameter
values are given in Table 1. (B) Length changes. Control
(6) and PC12:0 (A). Equation 3 is used for curve fit.
Parameter values for the fit are given in Table 1. (C) Time
course of voltage shift with PC12:0. The time constant is
(76.2 5 16.9) s. The saturating shift by PC12:0 is (121.0
5 10.1) mV. PC24:1: (D) Voltage-dependent capacitance.
Control (6) and PC24:1 (A). Equation 1 is used for curve
fit. Parameter values for the fit are given in Table 1. (E)
Length changes. Control (6) and 100 mM PC24:1 (A).
Equation 3 is used for curve fit. Parameter values for the
fit are given in Table 1. (F) Time course of voltage shift
with PC24:1. The time constant is (36.95 7.1) s. The satu-
rating shift is (26.55 1.5) mV. Error bars show standard
deviations (SDs). Holding potential is –75 mV.
TABLE 1 Parameter values (mean5 SD) for the ﬁt in Fig. 1
q (e) Clin (pF) Nq (pC) Vpk (mV)
Control (A) 0.915 0.03 20.75 0.4 2.45 0.1 –59.65 0.8
PC12:0 (A) 0.975 0.08 22.55 0.8 2.05 0.2 66.95 2.9
Control (D) 0.845 0.03 20.25 0.5 3.25 0.2 –50.45 0.8
PC24:1 (D) 0.815 0.01 19.85 0.2 3.35 0.1 –81.95 0.5
q (e) (L – L0)/L0 (%) Vpk (mV)
Control (B) 1.105 0.04 4.35 0.1 –60.95 1.1
PC12:0 (B) 0.875 0.04 3.95 0.3 73.65 4.3
Control (E) 1.185 0.04 3.55 0.04 –42.25 0.8
PC24:1 (E) 1.135 0.05 3.35 0.07 –69.75 1.4
Thickness Changes of Prestin 2833loaded have short acyl chains with <12 carbons, PC10:0 or
PC11:0, the peak of NLC shifted in positive direction very
rapidly. However, the shift was accompanied by a sharp
decline in the membrane resistance, leading to membrane
breakdown within 1 min of perfusion. With PC12:0, we
could follow the time course of the voltage shift until satura-
tion (Fig. 1 A). The saturating shift was ~120 mV and the
time constant was ~80 s (Fig. 1 C). The peak height and
the steepness of the voltage dependence were not signifi-
cantly affected. The length changes had corresponding
voltage shifts (Fig. 1 B) without a significant change in the
amplitude.
The potency of PCs to induce positive shifts of NLC
decreased with increasing hydrocarbon chain length. PCs
with hydrocarbon chains longer than 22 induced positive
shifts. Perfusion of PC24:1 induced a positive shift with
a time constant of ~40s. The saturating level of the shift
was ~27 mV (Fig. 1 F). Again, the peak height and the steep-
ness of the voltage dependence were virtually unaffected
(Fig. 1 D). The length changes had similar voltage shifts
without accompanying amplitude changes (Fig. 1 E). See
Table 1 for parameter values.
The saturating voltage shifts showed correlation with the
hydrocarbon chain length of phosphatidylcholines incorpo-
rated (see Fig. 3 B).
Linear capacitance of OHCs
Initially we assumed that the membrane capacitance of
OHCs consists of two components—linear and nonlinear
(Eq. 1)—and tried to determine the linear capacitance using
the data points between 100 mV and 50 mV. Changes in
the linear capacitance during PC12:0 incorporation deter-
mined with this method was up to ~5 pF, and was propor-
tional to the peak shift of NLC. Thus, a positive shift ofNLC appeared to be correlated with an increase in the linear
capacitance. This correlation, however, could be attributed
to a systematic error resulting from asymmetry of the
membrane capacitance around its peak because the negative
potential asymptote is higher than the one on the positive
side (17).
To address this issue, data points were obtained from
a wider voltage range between 150 and 100 mV (Fig. 2),
and analyzed with a three-component equation (Eq. 4),
which has an additional asymmetric Boltzmann term. This
equation fits the data well and revealed the asymmetry
term of ~4 pF, the major part of the ~5 pF shift in the
apparent linear capacitance obtained earlier. Changes in
the true linear capacitance was <1 pF, barely exceeding
the uncertainties of the curve fit (Fig. 2).
Capacitance of cultured cells
To test the effect that incorporating PCs into the plasma
membrane has upon membrane thickness, human embryonic
kidney (HEK) 293 cells were used. In contrast to OHCs, the
membrane capacitance of HEK cells, which did not haveBiophysical Journal 98(12) 2831–2838
membrane potential (mV)
-150 -100 -50 0 50
30
35
40
45
25
m
e
m
br
an
e 
ca
pa
cit
an
ce
 (p
F)
FIGURE 2 Peak shift and the linear capacitance of an OHC. Eq. 4 is used
for curve fit. Parameter values (mean5 SD) for the fits. (6) q ¼ (0.865
0.02)e, C0 ¼ (24.15 0.4) pF, Ndc ¼ (3.95 0.4) pF, Nq ¼ (3.135 0.08)
pC, andV1¼ (–24.15 0.7) mV; (A) q¼ (0.835 0.02)e,C0¼ (24.55 0.6)
pF,Ndc¼ (5.35 0.6) pF,Nq¼ (3.205 0.08) pC, andV1¼ (5.35 0.6)mV;
and () q ¼ (0.935 0.06)e, C0 ¼ (24.65 0.6) pF, Ndc ¼ (9.25 5.8) pF,
Nq ¼ (3.65 0.6) pC, and V1 ¼ (44.55 5.2) mV.
2834 Fang et al.a voltage-dependent component, showed significant changes
in response to the perfusion of phosphatidylcholine-loaded
CE-g-CD. Those PCs with short acyl chains had the effect
of increasing the linear capacitance and those with long
chains decreased the capacitance. The time course of these
changes are similar to voltage shifts in OHCs with time
constants of ~1 min. Saturating changes for PC12:0 are an
increase of (155 5)% and for PC24:1 a decrease of (105
6)% (Fig. 3 A). These changes in the membrane capacitance
were furthermore well correlated with voltage shifts in OHCs
(Fig. 3 C).
Capacitance of prestin-transfected cells
To examine the relationship between the regular capacitance
and the voltage shift of the prestin-based membrane motor,
we examined HEK cells that were transfected with a plasmid
that encoded gerbil prestin. On perfusion of CE-g-CD loaded
with PC, the membrane capacitance of these cells showed
changes dependent on the acyl chain length of the PC. PCs
with short acyl chains with 12 carbons (PC12:0) increased
the linear capacitance as in nontransfected HEK cells, and
significantly shifted nonlinear capacitance, as in OHCs
(Fig. 4 A). See Table 2 for parameter values.
The increase in the linear capacitance and the voltage shift
of nonlinear capacitance during PC12:0 incorporation into
the cell membrane were correlated (Fig. 3 C). PC13:0 is
less potent in increasing the linear capacitance and voltage
shifts (Fig. 4 C). PC24:1 with longer acyl chain had theBiophysical Journal 98(12) 2831–2838opposite effects of PCs with short ones, although the
effects were not as large (Fig. 4 B). PC16:1 did not induce
significant voltage shifts. The correlation between changes
in the capacitance and voltage shifts is (5.9 5 0.5) mV
(Fig. 4 C), consistent with the value (6.1 5 0.9) mV for
OHCs (Fig. 3 C).
Asymmetry of NLC, which was observed in OHC, was
also present in prestin-transfected cells. The ratio of the
magnitude Ndc of the asymmetry term to the total charge
Nq (see Eq. 4) was (1.5 5 0.2) F/C for transfected cells,
similar to the value (1.6 5 0.2) F/C for OHCs, despite the
~10-fold difference in total charge Nq in these two prepara-
tions. The agreement of the ratio suggests that the asymmetry
term stems from prestin, presumably reflecting the difference
in prestin’s intrinsic capacitance in its two states.DISCUSSION
Linear capacitance and membrane thickness
What happens to the plasma membrane when the cells are
perfused with CE-g-CD loaded with PCs?
Given the high affinity of CE-g-CD to phospholipids, it is
likely that phospholipids are exchanged between the plasma
membrane and CE-g-CD. Indeed, perfusion of unloaded CE-
g-CD results in breakage of the cells within 20 s. Our exper-
imental data show that the changes in the linear capacitance
of the cell depend systematically on the length of the acyl
chains of the PC, which is loaded in CE-g-CD (Fig. 3 A).
Remember that the linear membrane capacitance Clin of
a lipid bilayer is given by (18)
Clin ¼ eA
d
(6)
with the dielectric constant 3, the membrane area A, and the
membrane thickness d. Equation 6 shows that our data are
consistent with the interpretation that the plasma membrane
becomes thinner when the cell is perfused with CE-g-CD
loaded with PCs with short acyl chains (PC12:0 and PC13:0)
and thicker when the acyl chains in the PC are longer
(PC20:0, PC22:1, PC22:0, and PC24:1).
It is highly unlikely that the perfusion changes the
membrane area or the dielectric constant because the PCs
with medium lengths acyl chains (PC18:0 and PC18:1) do
not significantly affect the linear capacitance even though
the incorporation of these PCs should incur the least mechan-
ical stress and thus should be energetically favorable. If these
factors were significant, the PCs with medium-length acyl
chains would have increased the linear capacitance. If the
membrane area or the dielectric constant were significant,
we could have detected significant capacitance changes
with PCs with this range of acyl chain lengths, the incorpo-
ration of which would be energetically most favorable.
For these reasons, we interpret that the changes in the linear
capacitance reflects changes in the membrane thickness.
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FIGURE 3 Changes in the membrane capacitance by the
incorporation of phosphatidylcholines. (A) Changes in the
membrane capacitance of HEK cells. (B) Peak shifts in
the nonlinear capacitance of OHCs. In panels A and B,
each phosphatidylcholine is identified with a set of two
numbers: (Acyl chain length):(number of unsaturated
bonds). The numbers in the parentheses indicate the
number of the cells from which the data are collected. Error
bars show SDs. The holding potential –75 mV. (C) Corre-
lation between capacitance peak shifts of OHCs and
changes in the capacitance in HEK cells. The best fit slope
(solid line) is (6.1 5 0.9) mV percent change of linear
capacitance.
Thickness Changes of Prestin 2835Therefore, we associate the observed shifts in the voltage
dependence of nonlinear capacitance of prestin in HEK cells
to changes in the thickness of the plasma membrane.
It has been previously suspected that similarly large shifts
up to ~100 mV associated with addition or removal of
cholesterol could be due to membrane thickness (19).
However, the linear capacitance was not monitored in those
experiments and significance of direct interaction between
cholesterol and prestin could not be ruled out (19). In addi-
tion, the effect of cholesterol on bilayer thickness has not
been shown for biological membranes (20).
Linear capacitance of OHCs
Changes in the linear capacitance of OHCs are relatively
small compared with that of cultured cells. The likely reason
for the difference is the high density of membrane proteins in
their lateral plasma membrane, which dominates the
membrane capacitance (20). An estimate based on electron
microscopic study indicates one-third of the lateral membrane
is made of membrane proteins (21). The density of the motor
molecule in the plasma membrane of OHCs obtained from
nonlinear capacitance is ~104/mm2 (22) (Fig. 2, for example,
gives a value 1.2  104, based on the values 3.1 pC/(0.86e)
for the number N of motor molecule in the cylindrical plasmamembrane 60 mm long and 10 mm in diameter). Given the
molecular mass of 80 kDa for prestin (5), the membrane
area is ~30 nm2 if the molecule is ~4 nm thick. Thus the
area of the membrane occupied by the motor protein is
~30%, similar to the value obtained by the electron micro-
scopic study. This value suggest that changes in the linear
capacitance must be relatively small because the thickness
of the interfacial area between the proteins and the lipid
bilayer could be affected by the motor protein (20).
Nonetheless, shifts in the voltage dependence of nonlinear
capacitance in OHCs is as large as those in prestin-trans-
fected cells. The relationship between the voltage depen-
dence of electromotility in OHCs and changes in the linear
membrane capacitance in HEK cells is ~6 mV shift per 1%
change in capacitance, virtually identical to the ratio of
voltage shift to linear capacitance change for prestin-trans-
fected HEK cells. This observation appears to be consistent
with a report that large interaction between lipid bilayer and
membrane proteins has a significant effect upon membrane
thickness (20).
Implications on prestin’s conformations
Because the changes in the linear capacitance can be
explained by changes in bilayer thickness, the observedBiophysical Journal 98(12) 2831–2838
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FIGURE 4 Membrane capacitance of prestin-transfected
HEK cells. (A) An example of time course during PC12:0
perfusion. Control (black) and 93 s, 150 s, and 270 s from
the onset of perfusion (red), from the bottom to the top. CE-
g-CD concentration 2.5 mM. Parameter values are given in
Table 2. (B) PC24:1, Control (black), and 144 s from the
onset of perfusion (red). Parameter values for two-compo-
nent fit (Eq. 1) are given in Table 2. (C) Relationship
between voltage shifts and change in the linear capacitance.
Data points are taken while PCs were incorporated into the
cell membrane. The best fit slope (solid line) is (5.9 5
0.5) mV percent change of the linear capacitance.
2836 Fang et al.voltage shifts of nonlinear capacitance are associated with
changes in membrane thickness. Perfusion of loaded CE-g-
CD could induce lipid asymmetry and possibly bend the
membrane. However, the effect of bending is always positive
and up to ~20 mV (23), not compatible with the present data.
Because changes in the thickness of lipid bilayer change
hydrophobic mismatch in membrane proteins (24), our
observations indicate that prestin’s conformation with larger
membrane area, which is dominant in the most negative
range of the membrane potential, has a thinner hydrophobic
domain than another conformation, which is dominant in
the most positive range of the membrane potential. This
observation would impose a constraint in molecular models
of prestin (12,13).
Our observations on voltage shifts and changes in the
linear capacitance can be related to asymmetry of theTABLE 2 Parameter values (mean5 SD) for the ﬁt in Fig. 4, A and
q (e) C0 (pF)
Control (A) 0.935 0.06 7.535 0.09
93 s (A) 0.955 0.03 8.145 0.04
150 s (A) 0.935 0.04 8.465 0.07
270 s (A) 0.865 0.06 9.265 0.18
q (e) C0 (pF)
Control (B) 0.715 0.02 7.855 0.03
144 s (B) 0.755 0.05 7.425 0.07
Biophysical Journal 98(12) 2831–2838membrane capacitance determined with Eq. 4. Asymmetry
of the membrane capacitance could be expected from elec-
trostriction (25,26), unrelated to prestin. However, this effect
has a quadratic dependence on the voltage. For HEK cells,
its minimum is at ~þ80 mV, presumably because of its
surface charge asymmetry (25), and it is higher at 150 mV
than þ100 mV by 0.5% (26). The expected value of this
effect is thus 0.04 pF for a HEK cell with 8 pF capacitance,
smaller than ~0.2 pF of the observed asymmetry(Table 2).
Indeed, we did not observe electrostriction effect in our non-
transfected HEK cells with 0.05 pF of accuracy. The capac-
itance asymmetry in OHCs is much larger. For these reasons,
our capacitance data are consistent with Eq. 4.
The asymmetry term Ndc (the last term in Eq. 4) is propor-
tional to motor charge Nq. This indicates that the motor
molecule in the conformation with a larger membrane areaB
Ndc (pF) Nq (fC) V1 (mV)
0.095 0.08 1365 12 –52.45 2.4
0.205 0.04 1365 6 24.75 1.2
0.295 0.06 1515 9 45.05 1.5
0.315 0.02 1675 2 65.35 3.4
Vpk (mV) Nq (fC)
–46.95 0.9 2285 10
–53.65 2.1 2415 23
Thickness Changes of Prestin 2837has a larger contribution to the membrane capacitance than
another conformation with a smaller area. If we assume the
standard value 1 mF/cm2 for specific capacitance (27) and
a membrane area of 30 nm2 for the molecule, the membrane
capacitance expected is 0.3 aF (or 0.3  1018 F). Estimates
for area changes of the motor molecule are between 2 and
4 nm2 (11,28). If we use the 4 nm2 value, the change is
~13% of the molecule’s surface area. The corresponding
change in the thickness would be 13%, assuming constant
volume. Thus, the expected capacitance change would be
up to ~0.1 aF. This value is somewhat less than previously
reported values between 0.11 and 0.13 aF/motor (17). The
present experiment provides the value of 1.5 F/C for dc/q.
Together with q ¼ 0.9 e, this value leads to a value 0.2 aF
for the difference in the capacitance in the two states, approx-
imately twice as large as the prediction. The difference
could be attributed to larger membrane capacitance of the
molecule, change in the dielectric constant associated with
conformational changes, or both. The first possibility is based
on an expectation that the dielectric constant of proteins is
somewhat higher than the lipid bilayer (29). The rationale
for the second is that large conformational changes in a
membrane protein can accompany changes in the dielectric
constant.
As a means of applying mechanical stress to prestin, PC
incorporation appears to be very effective. The observed
voltage shifts up to 120mV compared very favorably to shifts
up to 30 mV elicited by increasing membrane tension (28).Comparison with other membrane proteins
Activities of various membrane proteins show membrane
thickness dependence (30,31). While many of those proteins
show biphasic dependence of their activities on bilayer thick-
ness, some of them show monophasic dependence similar to
prestin. Among those membrane proteins, the large mecha-
nosensitive channel from Escherichia coli (MscL) and the
BK channels are of particular interest because their free
energy associated with bilayer thickness has been evaluated.
The threshold of MscL opening elevates with thickness of
the lipid bilayer in which it is reconstituted (32). This obser-
vation is explained as the result of hydrophobic mismatch.
Specifically, thicker lipid bilayer favors the closed state
because the closed state has higher profile in the lipid bilayer
than the open state, in which transmembrane helices are
more tilted. The energy difference estimated is up to ~20
kBT (32), ~5 times larger than the value up to ~4 kBT (or
~110 meV, corresponding to the work of moving 0.9 elec-
tronic charge across an electric potential difference of
120 mV) for prestin. It is interesting to note that voltage
shifts of prestin by membrane-bending chemicals is up to
20 mV (23), not as sensitive to thickness changes, unlike
MscL (32,33). Presumably, conformation-dependent
changes in the bending modulus in prestin may not be as
significant as in this channel.Shifts in the voltage dependence due to membrane thick-
ness reported for the BK channel is biphasic unlike prestin
and the magnitude is up to 30 mV (34,35). If we use the
value for the gating charge of between 2.6 and 4.4 e
(36,37), the energy involved is between 80 and 130 eV (or
between 3 and 5 kBT), similar to prestin. The monophasic
voltage shifts of prestin is presumably based on simpler
conformational transitions that prestin undergoes.CONCLUSIONS
The membrane motor of outer hair cells based on prestin is
sensitive to bilayer thickness. A reduction in bilayer thick-
ness results in a positive shift in its membrane potential
dependence up to 120 mV and an increase in membrane
thickness results in a negative shift up to 10 mV. These
observations indicate that the depth of prestin is associated
with conformational changes in the membrane motor.
Specifically the conformation with larger membrane area
has a narrower band of hydrophobic surface that makes
contact with lipid bilayer.
The authors acknowledge help on tissue culture and transfection techniques
provided by Dr. Jonathan Bird and useful comments on a preliminary
version of this article by Dr. Joseph Santos-Sacchi. Our thanks are also
due to Drs. Richard Chadwick and Emilios Dimitriadis for reading the
manuscript.
This research was supported by the Intramural Research Program of the
National Institute on Deafness and Other Communication Disorders,
National Institutes of Health, Bethesda, MD.REFERENCES
1. Liberman, M. C., and L. W. Dodds. 1984. Single-neuron labeling and
chronic cochlear pathology. III. Stereocilia damage and alterations of
threshold tuning curves. Hear. Res. 16:55–74.
2. Chan, D. K., and A. J. Hudspeth. 2005. Ca2þ current-driven nonlinear
amplification by the mammalian cochlea in vitro. Nat. Neurosci. 8:
149–155.
3. Kennedy, H. J., A. C. Crawford, and R. Fettiplace. 2005. Force gener-
ation by mammalian hair bundles supports a role in cochlear amplifica-
tion. Nature. 433:880–883.
4. Brownell, W. E., C. R. Bader, ., Y. de Ribaupierre. 1985. Evoked
mechanical responses of isolated cochlear outer hair cells. Science.
227:194–196.
5. Zheng, J., W. Shen,., P. Dallos. 2000. Prestin is the motor protein of
cochlear outer hair cells. Nature. 405:149–155.
6. Dallos, P., X. Wu, ., J. Zuo. 2008. Prestin-based outer hair cell
motility is necessary for mammalian cochlear amplification. Neuron.
58:333–339.
7. Ashmore, J. F. 1987. A fast motile response in guinea-pig outer hair
cells: the cellular basis of the cochlear amplifier. J. Physiol. 388:
323–347.
8. Santos-Sacchi, J. 1991. Reversible inhibition of voltage-dependent
outer hair cell motility and capacitance. J. Neurophysiol. 11:3096–3110.
9. Dong, X. X., M. Ospeck, and K. H. Iwasa. 2002. Piezoelectric recip-
rocal relationship of the membrane motor in the cochlear outer hair
cell. Biophys. J. 82:1254–1259.
10. Iwasa, K. H. 2001. A two-state piezoelectric model for outer hair cell
motility. Biophys. J. 81:2495–2506.Biophysical Journal 98(12) 2831–2838
2838 Fang et al.11. Adachi, M., and K. H. Iwasa. 1999. Electrically driven motor in the
outer hair cell: effect of a mechanical constraint. Proc. Natl. Acad.
Sci. USA. 96:7244–7249.
12. Dea´k, L., J. Zheng,., P. Dallos. 2005. Effects of cyclic nucleotides on
the function of prestin. J. Physiol. 563:483–496.
13. Navaratnam, D., J.-P. Bai,., J. Santos-Sacchi. 2005. N-terminal-medi-
ated homomultimerization of prestin, the outer hair cell motor protein.
Biophys. J. 89:3345–3352.
14. Gillis, K. D. 1995. Techniques for membrane capacitance measure-
ments. In Single Channel Recording. B. Sackmann and E. Neher,
editors. Plenum, New York.
15. Ashmore, J. F. 1990. Forward and reverse transduction in guinea-pig
outer hair cells: the cellular basis of the cochlear amplifier. Neurosci.
Res. Suppl. 12:S39–S50.
16. Iwasa, K. H. 1993. Effect of stress on the membrane capacitance of the
auditory outer hair cell. Biophys. J. 65:492–498.
17. Santos-Sacchi, J., and E. Navarrete. 2002. Voltage-dependent changes
in specific membrane capacitance caused by prestin, the outer hair
cell lateral membrane motor. Pflugers Arch. 444:99–106.
18. Cole, K. S. 1968. Membranes, Ions, and Impulses. University of Cali-
fornia Press, Berkeley, CA.
19. Rajagopalan, L., J. N. Greeson,., W. E. Brownell. 2007. Tuning of the
outer hair cell motor by membrane cholesterol. J. Biol. Chem.
282:36659–36670.
20. Mitra, K., I. Ubarretxena-Belandia,., D. M. Engelman. 2004. Modu-
lation of the bilayer thickness of exocytic pathway membranes by
membrane proteins rather than cholesterol. Proc. Natl. Acad. Sci.
USA. 101:4083–4088.
21. Kalinec, F., M. C. Holley, ., B. Kachar. 1992. A membrane-based
force generation mechanism in auditory sensory cells. Proc. Natl.
Acad. Sci. USA. 89:8671–8675.
22. Santos-Sacchi, J., S. Kakehata, ., T. Takasaka. 1998. Density of
motility-related charge in the outer hair cell of the guinea pig is
inversely related to best frequency. Neurosci. Lett. 256:155–158.
23. Fang, J., and K. H. Iwasa. 2007. Effects of chlorpromazine and
trinitrophenol on the membrane motor of outer hair cells. Biophys. J.
93:1809–1817.
24. Mouritsen, O. G., and M. Bloom. 1984. Mattress model of lipid-protein
interactions in membranes. Biophys. J. 46:141–153.Biophysical Journal 98(12) 2831–283825. Alvarez, O., and R. Latorre. 1978. Voltage-dependent capacitance in
lipid bilayers made from monolayers. Biophys. J. 21:1–17.
26. Farrell, B., C. Do Shope, and W. E. Brownell. 2006. Voltage-dependent
capacitance of human embryonic kidney cells. Phys. Rev. E Stat. Non-
lin. Soft Matter Phys. 73:041930.
27. Gentet, L. J., G. J. Stuart, and J. D. Clements. 2000. Direct measure-
ment of specific membrane capacitance in neurons. Biophys. J.
79:314–320.
28. Dong, X.-X., and K. H. Iwasa. 2004. Tension sensitivity of prestin:
comparison with the membrane motor in outer hair cells. Biophys. J.
86:1201–1208.
29. Simonson, T., and C. L. Brooks. 1996. Charge screening and the dielec-
tric constant of proteins: insights from molecular dynamics. J. Am.
Chem. Soc. 118:8452–8458.
30. Tillman, T. S., and M. Cascio. 2003. Effects of membrane lipids
on ion channel structure and function. Cell Biochem. Biophys. 38:
161–190.
31. Andersen, O. S., and R. E. Koeppe, 2nd. 2007. Bilayer thickness
and membrane protein function: an energetic perspective. Annu. Rev.
Biophys. Biomol. Struct. 36:107–130.
32. Perozo, E., A. Kloda,., B. Martinac. 2002. Physical principles under-
lying the transduction of bilayer deformation forces during mechano-
sensitive channel gating. Nat. Struct. Biol. 9:696–703.
33. Martinac, B., J. Adler, and C. Kung. 1990. Mechanosensitive ion chan-
nels of E. coli activated by amphipaths. Nature. 348:261–263.
34. O’Connell, R. J., C. Yuan, ., S. N. Treistman. 2006. Gating and
conductance changes in BK(Ca) channels in bilayers are reciprocal.
J. Membr. Biol. 213:143–153.
35. Yuan, C., R. J. O’Connell,., S. N. Treistman. 2007. Regulation of the
gating of BKCa channel by lipid bilayer thickness. J. Biol. Chem.
282:7276–7286.
36. Stefani, E., M. Ottolia,., L. Toro. 1997. Voltage-controlled gating in
a large conductance Ca2þ-sensitive Kþ channel (Hslo). Proc. Natl.
Acad. Sci. USA. 94:5427–5431.
37. Horrigan, F. T., J. Cui, and R. W. Aldrich. 1999. Allosteric voltage
gating of potassium channels. I. Mslo ionic currents in the absence of
Ca2þ. J. Gen. Physiol. 114:277–304.
